Regional cerebral blood flow (rCBF), regional cerebral glucose metabolic rate (rCMR), and regional pH (r-pH) were measured simultaneously in fulminant acute experimental allergic encephalomyelitis (EAE) by the use of triple-label autoradiography. No changes were found in the absence of lesions (lymphocytic accumulations). In the lesions, rCBF was 79% increased and rCRM was 13% increased, whereas r-pH was unaltered compared to normal values. The reported changes result in a CBFI
the spinal cords of EAE rats have been found, and it has been suggested that focal ischemia due to mechanical obstruction of flow in the inflamed, edematous tissue could result in anerobic glycolysis (Simmons et aI., 1982) . A qualitative autoradio graphic study has shown increased uptake of 2-de oxyglucose corresponding to the lesions (di Rocco and Hashim, 1983) , which could seem to support the concept of anerobic glucose metabolism with its unfavorable energy yield. However, quantitative autoradiographic studies of regional cerebral blood flow in EAE have demonstrated a twofold increase of flow in the lesions compared to noninflamed or control regions (Juhler and Paulson, 1986) . This seems to contradict a theory of focal ischemic hyp oxia.
Simultaneous determinations of lactic acid pro duction, CO2 production, and glucose consumption by incubated slices of brain stem and spinal cord from animals with EAE reveal a pattern of in creased lactic acid production, diminished CO2 pro duction, and unaltered glucose consumption (Smith, 1966) . Such a system is independent of tissue perfusion, and it was suggested that the met abolic abnormality could exist at the mitochondrial level of glucose metabolism, i.e., somewhere be-tween the formation of lactic acid and complete ox idation to CO2 (Smith, 1966) .
The two theories-one concerning ischemic hyp oxia and the other concerning mitochondrial dys function -present basically different concepts of the metabolic disturbances accompanying the im munological events in EAE. Normally, cerebral blood flow (CBF) and cerebral glucose metabolic rate (CMR) are closely coupled (Siesj0, 1980; Soko loff, 198 1; Kuschinsky, 1983) . This relationship can be expressed in a CBFICMR ratio, which can be altered globally (Kuschinsky et al., 1981; Pickard, 1981) or focally (Blasberg et al., 198 1; Mies et al., 1981; Pulsinelli et al., 1982; Ingvar and Siesj0, 1983) in various pathological conditions. The direction of change in the ratio (increase or decrease) gives in formation on the nature of the change, i.e., whether there is a primary change in metabolism or a pri mary change in flow (Mohamed et al., 1985) . Simul taneous determinations of CBF and CMR in the same animal by double-label tracer studies is well suited for describing alteration in the CBFICMR ratio, as it provides a direct correlation between the two parameters (Diemer and Rosen0rn, 198 1; Lear et al., 198 1; Mies et al., 1981) .
The purpose of the present study was to describe the correlation between CBF and CMR in EAE. As lactacidosis may exist in the nervous tissue in EAE, simultaneous measurement of pH is of in terest. The highly focal nature of EAE requires methods with a high regional resolution (Juhler et al., 1985) . Precise quantitation and high regional resolution at the same time can be obtained by quantitative autoradiography (Blasberg et aI., 1981) , and a triple-label method using the principles of quantitative autoradiography was therefore de signed to determine regional cerebral blood flow (rCBF), regional glucose metabolic rate (rCMR), and regional pH (r-pH).
MATERIALS AND METHODS

Induction of EAE
Guinea pig spinal cord homogenized in isotonic saline (l: 1 wt/vol) was emulsified in an equal volume of com plete Freund's adjuvant fortified with 10 mg/ml Myco bacterium tuberculosis H37 RA. EAE was induced in five 200-g male Lewis rats by inoculating 0. 1 ml of the emulsion intradermally in both hind footpads. On occur rence of severe clinical disease (tail and hindlimb paral ysis, incontinence, and in two animals also forelimb ataxia) 2 weeks after inoculation, the animals were used for the study. Four sex-and age-matched animals served as controls.
Animal preparation
The animals were anesthetized, relaxed, and ventilated in a 70/30 N20/Oz mixture. During insertion of catheters into both femoral arteries and both femoral veins, 0.6% halothane was added to the gas mixture. After surgery, halothane was discontinued, and the animals were hepa rinized and used for the study when a satisfactory physio logical state was obtained: mean arterial blood pressure (MABP) 110 ± 10 (SD), POz 136 ± 15, Pcoz 37.8 ± 2.4 mm Hg, pH 7.44 ± 0.06, body temperature 36.5-38°C. One femoral artery was used for continuous recording of MABP during the experimental period. The other femoral artery was shunted to its corresponding femoral vein via a three-way stopcock to facilitate sampling of arterial blood. During the last 20 s of the experimental period, when measurement of rCBF required rapid sampling and a minimal dead space, the arterial catheter was shortened to 2-3 cm, and arterial blood was sampled directly from the catheter without shunting it to the vein (Juhler and Paulson, 1985) . The remaining femoral vein was used for tracer administration and, when necessary, plasma sub stitution.
Tracers rCMR was measured according to the method de scribed by Sokoloff et al. (Sokoloff et aI., 1977; Sokoloff, 1979) . The method requires that the value of the kinetic constants for glucose and 2-deoxyglucose (2-DG) flux across the blood-brain barrier (kl and kz) and for phos phorylation by the brain cells (k 3 ) are known (Sokoloff, 1979; Gjedde, 1983; Gjedde and Lassen, 1983) . If brain glucose content varies, as it might in pathological situa tions, the ratio between the kinetic constants for glucose and 2-DG ("lumped constant" or LC) also varies (Gjedde, 1982; Lassen and Gjedde, 1983) . In tissue with focal pathology, the glucose content may be inhomo geneous, and the ratio may differ from region to region. A prerequisite for using the method is therefore to ascertain that a single value for LC can be used. This can be done by using 3-0-methyl-glucose (3-0MG), which is a tracer for brain glucose content (Gjedde, 1982; Lassen and Gjedde, 1983) . In the present study, a separate group of 4 EAE animals with clinical symptoms comparable to the EAE animals in the study received 50 ,.".Ci 14C-3-0MG (New England Nuclear, Boston, MA, U.S.A.), which circulated for 15 min. As the tracer was found to be uni formly distributed in the brain and spinal cord by autora diographic examination, the requirements of the method was considered to be fulfilled (Table 1) . Five hundred ,.".Ci of 3H-2-DG (specific activity 37.3 Ci/mmol, radiochem ical purity >99% by chromatography; New England Nu clear) was given as a bolus and allowed to circulate for 45 min (Sokoloff, 1979) .
Vd of 3-0MG (ml/g) ± SD 0.45 ± 0.04 0.47 ± 0.05 0.48 ± 0.07
As the values in EAE animals do not differ from control values, the lumped constant (LC) of control animals can be used in EAE animals (Gjedde, 1982) . r-pH was measured using 14C-dimethyl oxazolidindione (DMO) (specific activity 50 mCi/mmol, radiochemical pu rity >99% by chromatography; New England Nuclear) as a tracer. DMO is a weak acid with pKa close to the physi ological pH (Hinke and Menard, 1978; Rottenberg et aI., 1982) . Tissue pH is a function of volume of distribution of the tracer, and equilibrium between tracer concentration in plasma and in brain must therefore be established be fore tissue pH can be measured. As equilibration takes at least 30 min (Rottenberg et aI., 1982) , 30 f,LCi DMO was administered together with 2-DG to circulate for 45 min. Plasma concentration of DMO did not change during the last 10-15 min of the experiment, which was taken as an indication that steady state had occurred.
reBF was measured using freshly synthesized 13 11 _ iodoantipyrine (lAP) (specific activity 2 Ci/mmol, radio chemical purity >98% by chromatography; New England Nuclear). The use of flow tracers for detecting small, focal lesions may be critical due to high diffusibility of the tracer. A method employing a short experimental time (20 s) and an infusion schedule producing an increasing arterial tracer concentration has previously been found suitable, as it gives good regional resolution without pre cluding quantitation (Juhler and Paulson, 1986) . In the present study, 70 f,LCi I3IIAP was infused through the fem oral vein during the last 20 s of the experimental period.
Sampling procedures
Arterial blood samples (approximately 0.1 ml) were obtained through the three-way stopcock at 1O-30-s in tervals during the first 3 min and subsequently at in creasing intervals. Te n-f,LI plasma aliquots were counted by liquid scintillation counting with due correction for quench and for spillover between the channels. During the last 20 s (while lAP was infused), arterial blood was sampled at 2-s intervals. Te n-f,LI whole blood samples were immediately counted in a gamma scintillation counter.
At the end of the experiment, the animal was decapi tated, and the posterior half of the brain was rapidly re moved from the skull and frozen at -60°C in isopentane cooled in acetone/dry ice. The time from decapitation to freezing was 20-40 s.
Autoradiographic procedures
The removed brain tissue was immediately cut at -20°C into 20-f,Lm thin sections. An image of flow distri bution was obtained by exposing x-ray film (Kodak MR-1) to the sections for 2 days together with standards. Standards were prepared by sectioning (20-f,Lm) frozen liver homogenates containing 13 11 in which the absolute activity (range 2,354-21,370 nCi/g) was determined by gamma scintillation counting. Standards and blood samples were counted together, and decay was corrected to the time when film exposure started. A standard curve correlating optical density to tissue activity was calcu lated (Reivich et aI., 1969; Juhler and Diemer, 1987) and was used for measurements of tissue activity. The contri bution of 14C + 3H to the measured tissue activity amounted to 1-2% and was not corrected for. 1311 was then left to decay for 10 weeks, so that 3H and 14C images could be obtained without contamination by 1311 (Mies et aI., 1981) . That this was the case, was demonstrated by accompanying sections and plastic 14C standards by 1311 J Cereb Blood Flow Metab, Vol. 7, No.5, 1987 standards during subsequent film exposures, ascertaining that the 13 11 standards left no impact on the film whatso ever. A second exposure to x-ray film (Kodak MR-l) for 5 weeks yielded a pure 14C image. The third film exposure was performed using 3H-sensitive film (LKB Ultrofilm). This provided a combined 14C + 3H image, from which the regional 14C activity, measured on film number two, had to be subtracted. The linear subtraction procedure was developed on the basis of brain tissue homogenates containing both 3H and 14C, in which the absolute activity had previously been determined by liquid scintillation counting. The method was further validated by showing that administration of both 14C_ and 3H-Iabeled alpha amino isobutyric acid (a blood-brain barrier tracer) (Blasberg et aI., 1983) to the same animal yielded iden tical values for regional permeability when comparing the value obtained for either label. Details of the validation procedure are presented elsewhere (Juhler and Diemer, 1987) .
Image analysis
After development of the films, the tissue sections were fixed and stained (Kliiwer Barrera) for histological examination. Autoradiograms (13 11 image, 14C + 3H image, 14C image) were analyzed by computerized densi tometry through a video camera (Leitz TAS Plus). The auto radiographic images were carefully aligned with an outline of the histological section stored in the computer. Regions of interest likewise defined on the histological section were also stored in the computer and subse quently served as templates for measurement of regional tissue activity (Juhler and Diemer, 1987) .
As EAE lesions in the brain stem are known to be par ticularly numerous around the nuclei at the floor of the 4th ventricle (Juhler et aI., 1985) , these were chosen as regions of interest. To make it possible to compare the values for rCBF, rCMR, and r-pH obtained in the present study to the values obtained by others, measurements were also performed in cerebellar cortex.
RESULTS
All of the animals with EAE had lesions in the brain stem. Lesions were found in the nuclei at the floor of the 4th ventricle without exception (Fig. 1) .
Occasional lesions were also found in the central pontine gray matter and in the white matter tracts of the brain stem, but there were no lesions in the cerebellum. The values of rCBF, rCMR, rCBFi rCMR ratio, and pH for both control animals and EAE animals are shown in Ta ble 2. The control values for CBF and CMR are similar to those re ported in other autoradiographic studies (Sokoloff et aI., 1977; Sakurada et aI., 1978; Lear et aI., 1981; Mies et aI., 1981) , but the pH values are lower than would be expected when compared to the values obtained by positron emission tomography (PET) measurements with DMO as a tracer or by micro electrode studies (Rottenberg et aI., 1982; Mutch and Hansen, 1984; Siesj0 et aI., 1985) . figure) was not different from values in nonlesion areas or control values (see Table 2 ).
sponding to the lesions, have previously been found (Juhler and Paulson, 1985) and were reproduced in the present study (p < 0.002) ( (Table 2) . The much larger increment in CBF compared to CMR at the lesion sites is expressed in the CBFI CMR ratio, which rises from 1.5-1.8 in the control group to 2.8 in the lesions (Table 2) .
Regional pH was uniform comparing lesion and nonlesion areas in the EAE animals and did not differ from the values found in the control group (Table 2 ). The generally low regional tissue pH values could be explained by time-dependent loss of DMO from the tissue sections (Hakim and Ar rieta, 1986 ). An alternative explanation could be that full equilibration in the cerebral compartments had not taken place despite the apparent steady state of plasma values.
DISCUSSION
The present study is the first to correlate regional in vivo measurements of CBF, CMR, and cerebral pH in EAE. Other studies have shown that there is increased lactate production in the CNS in EAE, and two alternative explanations have been pro- posed: (1) lactate production from anerobic glycol ysis due to edema and secondary inadequate tissue perfusion leading to hypoxia (Simmons et aI., 1982) , and (2) mitochondrial dysfunction precluding oxidative metabolism of glucose, i.e., breakdown from lactate and onwards (Smith, 1966) . The ac tivity in brain of several mitochondrial enzymes participating in the tricarboxylic acid cycle and in the respiratory chain (Saragea et aI., 1965) has been found to be impaired, and electronmicroscopic studies have demonstrated an abnormal mor phology of brain mitrochondria in EAE (Roizin, 1964) . Both types of evidence support the latter theory.
No evidence of CNS hypoperfusion in EAE is in existence (Simmons et aI., 1982) -on the contrary, it has been shown that there are focal increases in CBF of about 100% corresponding to the lesions (Juhler and Paulson, 1986) . A qualitative auto radio graphic study has demonstrated that uptake of 2-DG is higher at the lesion sites than in the sur rounding nonlesion tissue (di Rocco and Hashim, 1983 To gether, the demonstrated changes are consis tent with a primary metabolic disturbance followed by a secondary flow increase. It is conceivable that the metabolic derangement, which might be of mitochondrial origin as suggested (Roizin, 1964; Saragea et aI., 1965; Smith, 1966) 
